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Quantum key distribution (QKD) promises security stemming from the laws of quantum physics. QKD de-
vices based on integrated chips not only provides miniaturization, but also enhanced performance, which is
important to practical and scalable networks. Here we report the realization of a relay server for measurement-
device-independent QKD based on a heterogeneous superconducting-silicon-photonic chip. Silicon waveg-
uides and beam splitters are used for optical guidance and interference. Waveguide integrated superconducting
nanowire single-photon detectors are used to detector single photons. We show Hong-Ou-Mandel interference
between weak coherent states with a visibility of 48%±2%. Our system generates 733 sifted bits at about 71
dB attenuation (equivalent to 358 km standard fiber) with a quantum bit error rate of 3.5%±0.7%. The fabrica-
tion processes of our device are compatible with standard thin-film technology. Together with integrated QKD
transmitters, a scalable, chip-based and cost-effective QKD network can be realized in the near future.
QKD employs the laws of quantum physics and promises information-theoretical security for key exchange [1–4]. Despite
the tremendous progress in the last 35 years, practical implementations of QKD still deviate from ideal description in security
proofs due to potential side-channel attacks. For instance, a series of loopholes have been identified due to the imperfections of
measurement devices [5–8]. Inspired by the time-reversed entanglement-based QKD, measurement-device-independent QKD
(MDI-QKD), which removes all detector side attacks, has been proposed [9]. Instead of relying on the trusted nodes in the
traditional QKD protocols, MDI-QKD only requires a central node (Charlie) to perform Bell-state measurement (BSM). The
entanglement-like correlations between the two senders (Alice and Bob) can be obtained from BSM results. Importantly, even
if Charlie is untrusted, one can still guarantee the security of the MDI-QKD as long as Charlie can project his two photons onto
Bell states. The outstanding features of MDI-QKD invited global experimental efforts, which are mainly based on bulk/fiber
components [10–18]. Despite the new additional BSM by Charlie, the key rate [15] and the communication distance [16] of
MDI-QKD can be comparable with those of traditional QKD. Furthermore, the topology of MDI-QKD quantum networks is
star-like and is naturally suitable for the metropolitan networks with multiple users [19–21].
From the perspectives of hardware, integrated photonic devices have recently been employed in QKD, in which on-chip
encoders based on silicon modulators [22–25], on-chip transmitters including laser, photodiodes, modulators based on indium
phosphide (InP) and decoders based on silicon oxynitride [26] and silicon dioxide [27]. Integrated silicon photonic chips for
continuous-variable quantum key distribution have also been reported [28] have been shown. Most of the components used in
QKD, including lasers, modulators and passive components (beam splitters, attenuators and so on) are widely used in classical
optical communication systems and are not specifically designed for QKD. However, single-photon detectors are unique and
are quintessential for QKD, because the security of QKD relies on single-photon detection. Senders pulses with a mean photon
number must be less than 1. This particular requirement impedes the use of strong-light detectors in QKD. To the best of our
knowledge, this most important component/equipment in QKD system, the single-photon detector, has not been integrated onto
a chip platform and employed in a QKD system. In this work, we report the realization of a heterogeneous superconducting-
silicon-photonic chip and the application of it in an MDI-QKD experiment.
Our scheme is shown in Fig. 1. Modulated weak coherent pulses are prepared by Alices (A1, A2, . . ., An) and Bobs (B1, B2,
. . ., Bn), and are sent to the routers. Two routers select the pair of the communicating Alice and Bob, and send their pulses to an
untrusted relay server controlled by Charlie. At Charlies station, a chip with heterogeneous superconducting-silicon-photonic
circuitries is used. On this chip, silicon waveguides and beam splitters are used for optical guidance and interference. Waveguide
integrated superconducting nanowire single-photon detectors (SNSPDs) are used to detect single photons. A single chip with
multiple low-dead time (hence high-repetition-rate) [29], low-jitter [30] and high-detection efficiency detectors in conjunction
with low-loss silicon photonics are intrinsically suitable for large-scale star-like MDI-QKD network [31].
Here, to the best of our knowledge, we report the first demonstration of MDI-QKD with a relay server based on an integrated
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FIG. 1: Schematic of a star-like MDI-QKD network. A series of Alice (A1, A2, . . ., An) and Bob (B1, B2, . . ., Bn) prepare modulated weak
coherent pulses and send to the routers. Two routers select a pair of Alice and Bob and send their pulses to an untrusted relay server controlled
by Charlie. In this work, we use a silicon chip with heterogeneous superconducting-photonic circuits to realize the relay server, which consists
of arrays of waveguide-based beam splitters and waveguide-integrated superconducting-nanowire single-photon detectors (SNSPDs).
chip. We expect that the fully integrated MDI-QKD network can be achieved by combining recently demonstrated transmitter
chip [32, 33], benefiting low-cost and scalable secure metropolitan communications.
We implement the time-bin encoded MDI-QKD. The schematic of the experimental setup is shown in Fig.2 (a). One of the
most important requirements of MDI-QKD is to obtain high-quality two-photon Hong-Ou-Mandel (HOM) interference on the
integrated relay serve. To achieve that, it is necessary for Alice and Bob to generate indistinguishable weak-coherent pulses. The
interfering pulses have to be indistinguishable in all degrees of freedom (DOF), including spectrum, timing, and polarization.
For spectrum DOF, Alice and Bob’s unmodulated pulses pass through polarization beam splitters (PBSs), and with one of the
outputs connected with a 50:50 beam splitter (BS) for frequency beating. From the beating signal, we feedback onto one of
the lasers and regulate the wavelength difference of these two lasers to be within 0.1 pm. Then, Alice (Bob) chops the CW
laser operated at about 1536.47 nm into desired pulse sequences. The pulse width is about 426 ps and separated by 2 ns at
100 MHz rate. Z-basis (X-basis) states are generated by chopping the laser into early or (and) late time bins with intensity
modulators (IMs). The average photon numbers per pulse in the two bases are about the same. The resulting pulses are sent into
phase modulator (PM) with pi-phase shift is applied only for the generation of |−〉 state. The electrical signals applied to the
modulators are generated by an arbitrary waveform generator (AWG). An additional 50:50 beam splitter (BS) combined with a
power sensor (PS) is employed to monitor the long-term stability of laser power in each encoder.
For polarization DOF, two electrical polarization controllers (EPC) are used to optimize the polarization of both pulses before
they are coupled into Charlie’s Chip. For temporal DOF, we adjust the relative electrical delay between Alice’s and Bob’s IMs
to ensure their pulses arriving at the chip simultaneously. Attenuators are used to reduce and set the average photon number per
pulse to be about 0.43. Then these pulses are sent to the chip. By measuring the coincidence count between two subsequent time
bins from two detectors, we project the photonic states onto singlet state, |Ψ−〉 = 1/√2(|01〉 − |10〉).
We employ six-step heterogeneous fabrication techniques to realize the integrated chip of the relay server. Firstly, we make
gold markers for the grating couplers and SNSPDs on top of a 220 nm silicon on 3 µm thermally grown SiO2 on Si wafers.
Secondly, we expose the silicon photonics layer (including waveguides, MMIs and grating couplers) to the electron beams
aligning to the gold markers in the first step. Thirdly, a SiO2 top cladding is deposited via the Plasma-Enhanced Chemical Vapor
Deposition (PECVD) and planarized by chemical mechanical polishing, resulting in an optimized thickness. Then we deposit
Au back-reflected mirrors and flip-bond the chip with benzocyclobuten (BCB) to a carrier wafer and the substrate of the chip
is removed by mechanical grinding and dry etching. The SiO2 is removed partly by etching. Fourthly, we employ DC reactive
magnetron sputtering to deposit a nominal 6 nm NbN film on top of the chip. Fifthly, we make the gold electrode pads with a
lift-off process. And a 10 nm thick SiO2 is deposited on to NbN layer in order to improve the adhesion [34]. Finally, nanowire
detectors are fabricated by e-beam lithography and timed reactive ion etching (RIE) step using CF4 chemistry. Note that in order
to align the nanowire detectors along with silicon waveguides and electrode pads, we use the set of gold markers fabricated in
the first step for the pattern markers through the whole five steps. The resulting device is shown in Fig. 2(a-c).
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FIG. 2: Experimental devices and setup. (a) Schematic of experimental setup. Alice and Bob each employs a continuous wave (CW) laser
(LS), and chops out early (|0〉) or/and late (|1〉) temporal modes by using intensity modulator (IM) to generate time-bin qubits with 426 ps
duration and separated by 2 ns with a 100 MHz repetition rate. The phase modulators (PM) only affect the qubits in X basis, within which
a pi-phase is applied to the late temporal modes for |−〉 (|0〉-|1〉) while 0-phase for |+〉 (|0〉+|1〉). Variable attenuators (ATTs) are used to
prepare weak coherent pulses. The pulses travel through fibers and are coupled into the integrated chip of the relay server (Charlie) for
Bell-state measurement (BSM). This is enabled by a multi-mode interferometer (MMI) acting as a 50:50 beam splitter (BS) followed by two
superconducting nanowire single-photon detectors (SNSPDs). (b) Optical and scanning electron microscopy (SEM) pictures for the high-
efficiency photonic-crystal grating coupler with back-reflected mirror. (c) The optical transmission spectrum of the grating coupler measured
with a room temperature coupling stage. (d) Scanning electron micrograph of the SNSPD with a 60 nm-wide, 80 µm-long U-shaped nanowire
which is connected with two golden pads and integrated on 500 nm-wide silicon waveguides. Inset shows the zoomed part of the nanowire.
(e) On-chip count rate (OCCR) and dark count rate as a function of bias current for the SNSPDs. The OCCR is measured with an input laser
power of -96 dBm. It reveals that for Ic= 6 µA, the dark count rate is below 0.25 Hz for the two SNSPDs. Abbreviations: PBS, polarization
beam splitter; PD, photodiode; EPC, electrical polarization controller.
The integrated chip of the relay server is mounted on a nanopositioner in a closed-cycle cryostat with 2.2 K temperature
(sample temperature). Fig. 2(b) shows the scanning electron microscope image of photonic crystal grating coupler [35], which
is used to couple light from fiber array to the chip. The grating coupler with back-reflected mirrors provides a coupling efficiency
to be more than 20% at wavelength of 1550nm, as shown in Fig. 2(c). Note that at room temperature, we have obtained over
70% coupling efficiency for particular devices, which gives us room for optimization of future devices with a six-axis coupling
stages (see Supplementary Information). We employ four grating couplers, in which the two middle ones are input ports for
Alice and Bob, respectively. The other two are reference ports which are used to align the fiber array with respect to the chip
and calibrate coupling efficiency. There are three multi-mode interference (MMI) devices acting as a 50:50 beam splitter on the
chip. The central MMI device is for two-photon interference and the subsequent two MMIs split the optical signals identically.
Half of the photons are guided towards SNSPDs and the other half are guided to the reference ports. As shown in Fig. 2(d),
an SNSPD is integrated on the optical waveguide. Two such waveguides integrated SNSPDs work simultaneously for detecting
photons. Both SNSPDs are biased with a constant voltage source and connected with electronic readout circuitries.
We characterize the performance of our SNSPDs including on-chip counting rate (OCCR) and dark count rate with various
bias currents at the wavelength of interests (1536nm). The input laser power is -96 dBm for the OCCR measurements and
the results are shown in Fig. 2(e). When we biased both SNSPDs at 6 µA, the dark count rate of them are 0.22 ± 0.06 Hz
and 0.07±0.03 Hz. The recovery time extracted from an exponential fitting is about 3.51 ns (see Supplementary Information),
corresponding to a potential maximum count rate of about 280 MHz. For details of the SNSPDs, see Supplementary Information.
To benchmark the indistinguishability of the pulses along with the integrated chip of the relay server, we measure the two-
photon Hong-Ou-Mandel (HOM) interference. This is realized by adjusting the relative electronic delay between Alice’s and
Bob’s electrical pulses. As shown in Fig. 2(a), Alice and Bob each employs a CW laser (LS), and chops out early (|0〉)
or/and late (|1〉) temporal modes by using intensity modulator (IM). This generates time-bin qubits with 426 ps duration and
separated by 2 ns with a 100 MHz repetition rate. Then we send both pulses onto the chip and make coincidence counts
measurement. As shown in Fig. 3(a), we obtain a HOM interference visibility of V=48%± 2%, which is calcualted by V =
(CCmax − CCmin)/CCmax. CCmax and CCmin represent the maximum and minimum coincidence counts. These results
4 a b
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
N
or
m
al
iz
ed
 c
oi
nc
ed
en
ce
 ra
te
Experimental result
Simulation result
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Time delay (ns)
0.25
0.5
0.75
Q
BE
R x
0
0.02
0.04
0.06
0.08
0.1
Q
BE
R
-20 -10
Wavelength dierence (pm)
z
0 10 20
FIG. 3: (a) Hong-Ou-Mandel (HOM) interference as a function of relative electronic delays between Alice and Bob. A HOM interference
visibility of V = 48%± 2% is observed, which agrees well with the theoretical maximum value of 50%. By fitting the data with Lorentzian
function, pulse width Γ = 0.426 ns. (b) Measured quantum bit error rate (QBER) in X-basis and Z-basis as a function of the relative wavelength
detuning between two lasers. See text for details.
indicate the high quality of our integrated chip for MDI-QKD. The blue solid circles are experimental results and the red curve
is a fit with Lorentzian function with a width about 426 ps. The visibility slightly deviates from the perfect theoretical prediction
(50% for weak coherent pulses) is due to the residual difference of spectral modes, the finite extinction ratio (about 21.9 dB) of
IMs. In order to perform long-time meaxurements, we reduced the bias current of SNSPDs, which correspondingly lower the
performance of them.
After obtaining the high-visibility HOM interference, we proceed to the realization of MDI-QKD. We encode the information
into the time-bins in Z-basis and X-basis. In Z-basis, the time-bins are 01 and 10 for bit values of 0 and 1, respectively. In
X-basis, the time-bins are 11 with relative phases of 0 or pi, representing bit values of 0 and 1, respectively. In experiment,
we obtain secure keys from Z-basis encoding and verify the reliability of the setup in X-basis [16]. In Fig. 3(b), we show
the measured quantum bit error rate (QBER) in X-basis (QBERx, blue) and Z-basis (QBERz , red). In the measurement of
QBERx, the two detection events are separated by t (2.9 ns, double the pulse width plus 2 ns separation), then the phase
difference induced by frequency difference is
θ = 2pi(ωa − ωb)t = 2pit(∆ω) = 2pitc |λa − λb|
λaλb
, (1)
where c is the speed of light, ωa (ωb ) and λa ( λb) are the laser frequency and wavelength of Alice (Bob), respectively. Alice and
Bob exchange their keys conditionally on Charlie obtaining |Ψ−〉 from his BSM. When Alice and Bob send the same/orthogonal
states, the probability of Charlie obtaining a coincidence at two subsequent time bins is P−(t0, t0 + t) (P+(t0, t0 + t)):
P±(t0, t0 + t) = 1± V exp[−τ2(c |λa − λb|
λaλb
)2] cos θ, (2)
where t0 and t0 + t are the arrival-time of photons travelling to the two SNSPDs. τ is the coincidence window (1.1 ns). The
QBER in X-basis [9] is
QBERx =
P−(t0, t0 + t)
P−(t0, t0 + t) + P+(t0, t0 + t)
. (3)
The experimental data agree well with the theoretical prediction. Ideally, QBERz , should not depend on the wavelength
difference. However, due to the limited extinction ratio of intensity modulations, we also observe a small interference effect in
QBERz in our experiment.
In order to verify the suitability of our integrated relay server for long-distance MDI-QKD, we introduce balanced attenuations
between Alice-Charlie and Bob-Charlie to simulate the loss caused by long standard fibres (loss 0.2 dB/km). Fig. 4 (a) and (b)
show the QBERs for X-basis and Z-basis and the sifted key rate as functions of loss and equivalent fibre length. We set the
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FIG. 4: (a) QBER for X-Basis and Z-Basis with various transmission losses. (b) Sifted key rates with different transmission loss are shown in
blue solid circles and the simulation results are shown in red curve.
average photon number per pulse sent by Alice and Bob to be about 0.43 photon per pulse. The total loss includes losses from
the simulated communication channel and grating couplers. The fiber-chip coupling loss is about 10.18 dB in the cryogenic
environment, which is derived from reference ports. In Fig.4, each data point under different loss has collected for a time to
ensure sifted key bits greater than 700. Our system generates 733 sifted bits in about 9 hours at 71.56 dB attenuation (equivalent
to 357.8 km standard fiber) with QBERx=27%±7% and QBERz=3.5%±0.7%, respectively. See SI for details. Note that
our work is a proof-of-principle demonstration of MDI-QKD with an integrated relay server. Including decoy states and phase
randomization as shown in previous work [11–18] will certainly improve the security and efficiency of the system.
In conclusion, we have demonstrated the first integrated relay server for MDI-QKD with a heterogeneous superconducting-
silicon-photonic chip. The experimental high-visibility HOM interference and low QBER indicate that the integrated server is
a promising platform for MDI-QKD. By using more advanced waveguide-integrated SNSPDs [29], one can further improve
the integrated server with high detection efficiency, low timing jitter, and high repetition rate. Combined with photonic chip
transmitters [32, 33], a full chip-based scalable MDI-QKD system should be realized in the near future.
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7SUPPLEMENTARY INFORMATION
I. The heterogeneous superconducting-silicon-photonic chip for relay server.
In this section, we introduce the fabrication and characterization of the heterogeneous superconducting-silicon-photonic chip
for relay server, which includes high-efficiency grating coupler (a) and waveguide-integrated superconducting nanowire single-
photon detector (SNSPD) (b).
(a) Fabrication and performance of high-efficiency grating coupler
The fabrication steps of the high-efficiency grating coupler are shown in Fig. 5.
Si
SiO2
Au
BCB
ⅰ ⅱ ⅲ ⅳ 
ⅴ ⅵ 
FIG. 5: Six-step fabrication process to realize the high-efficiency grating coupler. (i) The device is fabricated on a commercial Silicon-
on-Insulator (SOI) wafer with 3 µm thick buried oxide layer and 220 nm thick top silicon layer. We fabricate gold pattern as the alignment
markers for the subsequential steps. (ii) Silicon photonics structures (including waveguides, MMIs and grating couplers) are patterned by
Electron Beam Lithography (EBL) and etched by the Inductively Coupled Plasma (ICP) etching process. (iii) A thickness of 3 µm SiO2
cladding is then deposited via the plasma-enhanced chemical vapor deposition (PECVD) and planarized via chemical mechanical polishing
(CMP) to an optimized thickness. (iv) Gold reflectors are then defined by lithography, metal evaporation and lift-off processes on the SiO2
cladding right above the grating couplers. (v) The chip is then flip-bonded to a silicon carrier wafer using benzocyclobuten (BCB). (vi) Finally,
silicon substrate of the chip is removed by mechanical grinding and chemical etching, followed by dry etching the buried oxide layer.
Fig. 6 shows the transmission spectrum of the grating coupler with an insertion loss of about 1.05 dB, which allows us for
optimizing future devices.
(b) Fabrication and performance of waveguide integrated SNSPD
The fabrication steps of waveguide integrated SNSPD are shown in Fig. 7 and explained in its caption. We use the setup
in Fig. 8 to test the performance of the SNSPD, including its critical temperature, critical current, on-chip count rate (OCCR)
and dark count rate (DCR) in closed-cycle fridge. In the electrical readout circuit, 2400 source meter provides a voltage source
and a 100 kΩ resistor in series. Bias Tees (Minicircuit ZFBT4R2GW+) allow us to give a bias current to detector and get the
response signal of the detector. The signal is amplified by an amplifier (MITEQ-1309), whose bandwidth is 1 kHz∼1 GHz and
gain is 50 dB. Our sample is glued on the sample stage which is made from gold-plated oxygen-free copper. The sample stage
is mounted on 3-axis closed-loop low-temperature piezo nanopositioner (Attocube). With the help of the nanopositioners, light
can be coupled into the chip from SMF and fiber array. On the opposite side of fibre array, a RF probe (Cascade) is used to
obtain the detectors’ response signal.
Before we cooling down our sample, we have performed room-temperature (RT) measurement to characterize the quality of
NbN nanowires using a probe station. In Fig. 9, we show the measured resistance for wires with different widths and lengths,
in which the black, red and blue squares represent the RT resistances for wires with 100 µm, 80 µm and 40 µm lengths. The
widths of the wires vary from 60 nm to 100 nm in 10 nm step. The black, red and blue curves represent a theoretical calculation
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FIG. 6: Characterizations of coupling efficiency as a function of wavelength for the grating coupler with a bonded metal mirror before the
nanowire fabrication. A peak coupling efficiency of -1.05 dB is observed.
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FIG. 7: Fabrication of NbN based SNSPDs. (i) A nominal 6nm NbN film is deposited on the chip by DC reactive magnetron sputtering.
(ii) A standard lift-off process, including electron beam lithography (EBL), Ti and Au deposition and lift-off, is used to fabricate gold pads for
electronic contacts. (iii) A 10 nm SiO2 layer is deposited on NbN film by plasma-enhanced chemical vapor deposition (PECVD) to improve
the adhesion between 2% hydrogen silsesquioxane (HSQ) and NbN [1]. (iv) Then, the detector pattern is defined by EBL and developed using
2.38% TMAH. (v) Lastly, SiO2 and the unwanted NbN are etched away in a timed reactive ion etching (RIE) step with CF4 plasma.
with a sheet resistance of Rs=275 Ω/, which is obtained by a four-point probe measurement. The critical temperature of the
wire is about 5.2 K.
After cooling the sample stage temperature down to 2.2 K, we perform further low-temperature measurements, such as critical
current, temporal response, OCCR and DCR. In Fig. 10(a), the I-V curves are measured by sweeping the voltage source between
-1 V and 1 V, connected with a 100 kΩ resistor. Each nanowire exhibits a superconducting state along the zero-voltage and
abruptly transit to a normal-conducting state once the current is higher than critical current. It is clear to see that as the width
of nanowire increases, the critical current increases. In Fig. 10(b), we obtain the pulse shape using an oscilloscope (Agilent
Infiniium 54855A, bandwidth 6 GHz, 20 GSa/s). The data is averaged 64 times. The averaged transient amplified response
pulses of an SNSPD with 60 nm-wide, 80 µm-long biased at 7 µA is exponentially fitted, giving an estimate of 3.51 ns for the
1/e-decay time.
The OCCR and DCR of SNSPD are characterized by input an attenuated continuous wave (CW) laser. A fiber polarization
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FIG. 8: (a) Setup for resistance, critical current, critical temperature, OCCR, and DCR measurements. See the text for details. (b) Photograph
of sample stage which is mounted on a 3-axis closed-loop nano-positioner.
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FIG. 9: Measured room temperature resistances for different nanowire geometries. The solid lines are theoretical predictions with a sheet
resistance of Rs=275 Ω/ at 300 K obtained by four-point probe measurement.
controller is used to maximize the input power. First, we characterize the coupling efficiency of the grating coupler. After the
photon flux is guided to fiber array in the cryostat, we measure the input power Pin and output power Pout with the attenuator is
set at 0 dB. The efficiency of the grating coupler can be calculated by the following formula
ηin ∗ r ∗ r ∗ ηout = Pout
Pin
, (4)
where ηin and ηout is the efficiency of the grating coupler. We assume ηin = ηout = η and neglect the on-chip propagation loss.
r is the splitting ratio of MMI. We assume that the splitting ratio of multi-mode interference (MMI) is 50:50 in the following
calculation. By adjusting the attenuator, we can find the photon number N arriving at the detector in a similar way, with
N =
Pin
hν
∗ η ∗ r ∗ r. (5)
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FIG. 10: (a) I-V curves of 4 nanowires with different widths. (b) The averaged transient amplified response pulses of an SNSPDs with
60nm-wide, 80 µm-long biased at 7 µA. Exponential fits reveal the 1/e-decay times are 3.51 ns.
When the attenuation is A, with Nin = N ∗A, the on-chip detection efficiency (OCDE) can be written as
OCDE =
C − Cd
Nin
, (6)
where C is OCCR and Cd is DCR. We can get the value of C and Cd by using FPGA unit to timetag the data. DCR is the count
per second when we turn off the laser. We change the bias current of our SNSPD and obtain the OCCR and DCR curve as a
function of bias current (see Fig. 2e in the main text). From these analysis, we obtain a OCDE of about 52% at a bias current of
6 µA.
II. Off-chip optical setup.
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FIG. 11: (a) Normalized waveform of the experimentally chopped X-basis optical pulses with a separation of 2 ns. The pulse train is detected
by a 40 GHz photodetector with the waveforms obtained by a 20 GHz sampling oscilloscope. The full width at half maximum (FWHM) of
the pulses is 426 ps. (b) Histogram of the weak coherent pulse train (less than one photon per pulse) with a rate of 100 MHz is detected by the
waveguide integrated superconducting nanowire single-photon detector (SNSPD). The extinction ratio of the pulses is more than 21.9 dB. The
detector electrical signals are collected by a field-programmable gate array (FPGA)-based timetag device with a bin resolution of 156 ps. We
select a time window of 7 bins for the early and late temporal modes (denoted as yellow and purple circles in the figure).
In our experiment, the light sources are two CW lasers with a linewidth of 100 Hz centered at 1536.47 nm. Then we use
intensity modulators to chop out the required short pulses with about 426 ps full-width at half maximum (FWHM). The sepa-
ration between two pulses in X-basis is about 2 ns. The results of high-intensity light measured with 40 GHz photodetector are
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FIG. 12: Frequency difference between the lasers of Alice and Bob with the feedback signal coming from beat measurement for about 9.5
hours, during which a maximum frequency drift no more than 10 MHz is observed. The purple areas are the working time of the feedback
system and the brown line indicates the value of the wavelength adjustment with a resolution of 0.1 pm.
shown in Fig. 11(a). We show the results of weak coherent pulses measured with our SNSPDs in Fig. 11(b), in which a 21.9 dB
extinction ratio has been obtained in the single-photon counting regime.
For our experiment, it is important to keep the frequencies of both Alice and Bob’s lasers to be the same. We keep track
on the frequency difference between these two lasers and employ a feed-back system to regulate Bob’s laser’s frequency. The
maximum frequency difference is less than 10 MHz over about 9.5 hours with the help of the feed-back system, as shown in Fig.
12.
III. Experimental results.
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FIG. 13: Raw (a) and post-processed (b) coincidence counts (C.C) between two detectors at two subsequent time bins as a function of the
relative wavelength difference between Alice and Bob when both Alice and Bob send |+〉 state. The average photon number per pulse is about
0.43 and the integration time for each data is 5 seconds. The abrupt change of C.C to zero in raw data (a) is due to the imperfection of the
read-out circuitry causing a switching of the nanowire from superconducting to a normal-conducting state. The count is zero in this case. In
(b), we removed this data point.
In Fig. 13(a), we show a typical experimental result we obtained with X-basis encoding. Note that the sudden change of C.C
to zero (close to 18 pm) in raw data (a) is due to the imperfection of the electron circuitry causing a switching of the nanowire
from superconducting to a normal-conducting state. The count is zero in this case. In (b), we removed this data point. A better
voltage source and read-out circuitry could prevent this to happen, which we are working on now.
In Fig. 14, we show the full post-processed coincidence counts between two detectors at two alternative times as a function
of the relative wavelength between Alice and Bob for randomly chosen time-bin states.
In Table I, we show the complete results of the sifted keys under different attenuations, along with the Z-basis sifted key rate
(SKR), quantum bit error rate in Z- (QBERz) and X- (QBERx) bases and their corresponding error bars (QBERz errorbar
12
-20 0 20
/6 (pm)
0
10
20
30
40
C.
C.
|0>A+|0B>
-20 0 20
/6 (pm)
0
2000
4000
6000
C.
C.
|1>A+|0B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|+>A+|0B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|->A+|0B>
-20 0 20
/6 (pm)
0
2000
4000
6000
C.
C.
|0>A+|1B>
-20 0 20
/6 (pm)
0
50
100
C.
C.
|1>A+|1B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|+>A+|1B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|->A+|1B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|0>A+|+B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|1>A+|+B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|+>A+|+B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|->A+|+B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|0>A+|-B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|1>A+|-B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|+>A+|-B>
-20 0 20
/6 (pm)
100
200
300
400
C.
C.
|->A+|-B>
FIG. 14: Full post-processed C.C between two detectors at two alternative times as a function of the wavelength difference between Alice and
Bob for randomly chosen time-bin states.
and QBERx errorbar).
TABLE I: List of experimental results under different attenuations
Time (s) Att (dB) Sifted key (bits) SKR(bits/s) QBERz QBERz error bar QBERx QBERx error bar
90 20.36 193414 2.15E+03 0.58% 0.02% 26.9% 0.3%
190 26.36 99286 5.23E+02 0.62% 0.02% 25.8% 0.5%
390 32.36 50722 1.30E+02 0.77% 0.04% 26.8% 0.7%
620 38.36 18415 2.97E+01 0.62% 0.06% 26% 1%
1920 46.56 8547 4.45E+00 1.5% 0.1% 23% 2%
3900 51.76 5320 1.36E+00 1.9% 0.2% 26% 2%
4860 59.16 1266 2.60E-01 2.2% 0.4% 26% 4%
32880 65.76 2348 7.14E-02 1.8% 0.3% 28% 3%
32280 71.56 733 2.27E-02 3.5% 0.7% 27% 7%
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